Purpose This retrospective study was designed to analyze the FSHR gene variants in subjects with primary and secondary amenorrhea with hypergonadotropic hypogonadism. Materials and methods Eighty six women with primary or secondary amenorrhea and 100 normally cycling proven fertile women of Indian origin were retrospectively studied. These subjects were systematically screened for entire FSHR gene. Results The frequency distribution of polymorphism at −29 position of FSHR gene is altered in women with primary and secondary amenorrhea as compared to controls. AA genotype at −29 position of FSHR gene seems to be associated with increased serum FSH levels in the study subjects. We have identified a novel homozygous mutation C 1723 T (Ala 575 Val) in one woman with primary amenorrhea. Conclusions Our findings suggest that increased serum FSH levels in subjects with primary amenorrhea correlated to FSHR genotype at position −29. We identified a novel homozygous mutation C 1723 T (Ala 575 Val) in a woman with primary amenorrhea.
Introduction
Follicle stimulating hormone (FSH) acts through binding to their cognate receptor (FSHR) present on the plasma membrane of granulosa cells in the ovary and Sertoli cells in the testis. This hormone-receptor interaction is crucial for regular gonadal function [1] . The importance of FSHR gene in female reproductive physiology is evident from the studies in FSHR knockout mice, where block in folliculogenesis was observed at preantral stage and these mice showed hypergonadotropic ovarian failure [2] . These findings suggest the importance of FSHR in ovarian physiology.
Importance of FSHR gene in female reproductive physiology is also evident from genetic studies in women with ovarian failure. Diverse inactivating mutations and polymorphisms have been described in FSHR gene in women with ovarian dysfunction. The first FSHR mutation identified was the Ala 189 Val (C 566 T) homozygous substitution in Finnish population. The affected women showed poorly developed secondary sexual characteristics, primary amenorrhea and recessively inherited hypergonadotropic ovarian failure [3] [4] [5] [6] [7] [8] . A compound mutation Arg 573 Cys (C 1717 T) and Ile 160 Thr (T 479 C) has been reported in a woman with secondary amenorrhea [9] . These subjects with primary or secondary amenorrhea were hypergonadotropic with hypogonadism. In vitro studies have demonstrated that mutations of FSHR gene have dramatically reduced the receptor expression and impaired proper signal transduction [5, 6, 10] . It has been reported that no inactivating mutations in FSHR gene were identified in women with polycystic ovary syndrome (PCOs), resistant ovary syndrome (ROS) and premature ovarian failure (POF) [11] [12] [13] [14] [15] [16] .
In addition to mutations, a number of polymorphisms have been reported in the FSHR gene. [17] [18] [19] [20] [21] [22] . Recently, we have reported association of FSHR gene polymorphism (A 919 G, G −29 A) with altered ovarian response in subjects undergoing gonadotropin treatment during ART programme [23, 24] . In the present study, the known/novel mutations and polymorphisms of FSHR gene were investigated in Indian women with primary and secondary amenorrhea. Further, the prevalence of FSHR gene variations was examined and the association of receptor polymorphisms with gonadotropin levels was analyzed in these subjects.
Materials and method

Subjects
All the subjects included in the present study were from Western-India. The present study was approved by the Ethics Committee for Clinical Research of National Institute for Research in Reproductive Health. All the women included in this study gave informed consent for their medical history to be reviewed, and for the collection of peripheral blood samples for molecular analysis.
A total of eighty-six women visiting the 'Endocrinology Clinic' and 'Genetic Research Centre' of the Institute were recruited as the study subjects. Out of these, forty-eight women with primary ovarian failure (age: 14-20 years) were diagnosed by the history of primary amenorrhea; poorly developed secondary sex characteristics and streak or small ovaries on ultrasonography. The basal FSH levels (normal follicular phase FSH levels: 2-9 mIU/ml) in these women were found to be elevated >40 mIU/ml (Table 1) . Thirty-eight women aged 20-38 years had secondary amenorrhea for 6 months or more. These secondary amenorrhea subjects were found to have FSH concentration of >40 mIU/ml when estimated on two occasions at least a month apart. These subjects showed small or streak ovaries on ultrasonography and poorly developed secondary sex characteristics (Table 1 ). All the eighty-six female subjects showed no history of mums, surgery. Except three subjects none of the subjects reported family history of primary or secondary amenorrhea. Women with abnormal karyotype, autoimmune disorders, prolactiniemia, infections and exposed to radiation were excluded from the present study.
One hundred normally cycling proven fertile healthy females with a history of regular cyclicity served as the controls. All the control subjects had normal pubarche and menarche and were phenotypically normal, nor did they have a family history of mental retardation, fragile X syndrome or POF.
Serum FSH and luteinizing hormone (LH) levels were measured by radioimmunoassay (RIA) using commercial kit from Diagnostics Systems Laboratories (Webster, Texas, USA).
DNA isolation and polymerase chain reaction
All the enrolled subjects were screened for FSHR gene variations using genomic DNA isolated from whole blood. Exon 1-10 and 5′ untranslated region (UTR) of FSHR gene were amplified using genomic DNA as a template by polymerase chain reaction (PCR) with specific oligonucleotide primers ( Table 2) . PCR conditions were specifically adjusted for each fragment. These primer sequences have been either adapted from previously published studies [23, 25, 26] or designed for the present study (Table 2 ). Five microliters of each PCR product was resolved on 10% polyacrylamide gel electrophoresis (PAGE) and visualized by silver staining. Amplified products were used for further analysis. ) and a novel mutation (C 1723 T) was performed using specific restriction enzymes and optimum conditions described in Table 3 . All the enzymes and their respective buffers were purchased from Promega, Madison, WI, USA, except for Msc I which was purchased from New England Biolabs, Ipswich, MA, USA. The digested products were separated on 10% PAGE and visualized by silver staining.
Single-strand conformation polymorphism (SSCP)
All the subjects recruited in present study were screened for novel mutations and polymorphisms in 5′UTR and entire coding region of FSHR gene by single-strand conformation polymorphism (SSCP). For each exon, seven different electrophoresis conditions were initially employed and of these, two conditions were selected, based on the SSCP migration pattern. Briefly, the PCR products were mixed with formamide and bromophenol blue dye. This mixture was denatured for 8-12 min at 95°C and immediately chilled on ice before loading to SSCP gel [27] . The samples were electrophoresed on 6.5-10% polyacrylamide gels (stock solution of polyacrylamide: 40%) at 250-350 V for 9-10 h at 4°C. The single stranded conformers were visualized by subjecting the gels to silver staining [28] . Different migration patterns observed by SSCP were confirmed by direct DNA sequencing.
DNA sequencing
Nucleotide sequencing of the PCR products was carried out using the ABI Big Dye Terminator protocol on the ABI 3100 Avant system (Applied Biosystems, Foster City, CA, USA) at the DNA sequencing facility of the Institute. Bidirectional sequencing was carried out using specific sets of primers ( Table 2 ).
Statistical analysis
One-way analysis of variance (ANOVA) and post-hoc (LSD) test were employed to analyze the differences in serum gonadotropin levels between the groups. Chi-squared analysis and Fischer's test were employed to analyze the frequency distribution of polymorphisms between the different groups studied. Statistical analysis was performed using SPSS software. Odds ratio >1.0 was considered as positive association. A value of P<0.05 was considered statistically significant.
Results
Detection of known mutations/polymorphisms of FSHR gene
Amplicons of the expected size were obtained using genomic DNA as a template from all the subjects and T mutations of FSHR gene revealed the absence of these reported mutations in study subjects as well as in controls. As expected, RFLP analysis demonstrated that FSHR gene is polymorphic at −29, 919 and 2039 position in all the subjects recruited in study.
The frequency distribution of the genotypes at −29 position in the 5′UTR of FSHR gene was evaluated in all subjects. The frequency distribution in the control subjects was 5% for homozygous G, 1% for homozygous A and 94% for heterozygous GA. In the case of women with primary amenorrhea it was 31.25% for homozygous G, 16.67% for homozygous A and 52.08% for heterozygous GA; and in case of women with secondary amenorrhea it was 28.94% for homozygous G, 15.78% for homozygous A and 55.28% for heterozygous GA genotypes. In the subjects with primary and secondary amenorrhea the frequency distribution of this polymorphism was observed to be statistically different as compared to that observed in controls (Table 4) . However, the frequency distribution for genotypes at position 919 and 2039 did not differ significantly in study subjects as compared to control subjects (Table 4) .
Further, we evaluated the frequency distribution of nine haplotypes (variants at amino acid position 307 and 680 of FSHR gene) in all the groups. However, the prevalence of five haplotypes (TT-NS, TT-SS, TA-SS, AA-NN and AA-NS) differed significantly between subjects with primary amenorrhea and controls. The frequency distribution of two haplotypes (TT-NS and TA-SS) differed significantly between subjects with secondary amenorrhea and controls (Table 5) . It was further observed that the odds ratio for the above mentioned haplotypes was >1.0 (Table 5) . Detection of novel mutations and polymorphisms of FSHR gene by SSCP All the subjects recruited for study were screened for novel variations in FSHR gene by employing SSCP. PCR amplified products of 5′UTR and entire coding region of FSHR gene (primer pairs 1 to 17; Table 2 ) were subjected to SSCP analysis. SSCP for exon 1 (primer pair 2), exon 10A and exon 10G (primer pair 11 and 17) showed mobility shifts as expected because these fragments harbored the polymorphic sites of FSHR gene; at −29, 919 and 2039 position respectively. Randomly selected samples that showed change in the migration pattern were subjected to direct DNA sequencing. The results of sequencing confirmed the presence of polymorphic sites at positions −29, 919 and 2039 of FSHR gene.
In one of the subjects with primary amenorrhea, SSCP of exon 10E (primer pair 15; Table 2 ) showed a change in the migration pattern. Direct DNA sequencing of this PCR product identified a homozygous C to T transition at The affected subject was a 16 year old girl presenting primary amenorrhea. Her serum FSH and LH levels were 76 mIU/ml and 46.6 mIU/ml respectively. Her serum T3, T4, TSH and prolactin levels were in normal range. Ultrasonography revealed a hypoplastic uterus (size 2.7×1.3×0.8 cm) with thin endometrium. Both the ovaries were very small in size. This subject did not respond to estrogen and progesterone for induction of menstruation. The reason for this observation is not known. The subject had no family history of amenorrhea.
To identify whether C 1723 T nucleotide change is a mutation or polymorphism, we designed a RFLP (as described below) for detecting this novel (C 1723 T) change in all the subjects. Further, to confirm the results of RFLP analysis, direct DNA sequencing of the PCR products (exon 10E; primer pair 15) was performed for the controls (n=100), subjects with primary amenorrhea (n=15) and subjects with secondary amenorrhea (n=15). Partial electropherograms of the wild type and mutant genotype for position 1723 of FSHR gene is shown in Fig. 1a and b  respectively (Fig. 1) .
RFLP analysis for the detection of novel mutation C 1723 T of FSHR gene For screening C 1723 T transition in all the subjects enrolled for present study, restriction enzyme Msc I was used in RFLP analysis. The recognition site of Msc I enzyme is TGGCCA and for the wild type sequence this enzyme digests the PCR product (219 bp) into two fragments of 127 bp and 92 bp. The PCR product obtained from one of the primary amenorrhea subject known to harbor this mutation was resistant to digestion by Msc I enzyme (Fig. 1c) . Screening of all the controls (n=100) and subjects with primary amenorrhea (n=47, excluding the candidate subject) and subjects with secondary amenorrhea (n=38) by RFLP did not reveal the presence of this mutation.
Hormonal profile
The potential association between FSHR polymorphisms with serum levels of gonadotropins in subjects with primary and secondary amenorrhea was carried out. The subjects were independently segregated based on the FSHR genotypes at −29, 919 and 2039 position. Serum FSH levels were significantly higher in primary amenorrhea subjects with AA genotype as compared to GG and GA genotypes at −29 position (P<0.05) ( Table 6 ). However, no statistically significant differences were noted in the serum LH levels in these groups. The serum FSH and LH levels showed no statistically significant differences among genotypes at 919 and 2039 position in women with primary or secondary amenorrhea (data not shown).
Discussion
Interaction of FSH with its receptor is crucial for follicular development and maturation, which in turn is indispensable for fertility in females. Any variation in the genotype of FSHR may contribute towards altered ability of the receptor to bind FSH and to induce signal transduction pathway. Interestingly, FSHR knockout mice appear to be a complete phenocopy of the subjects with inactivating FSHR mutations who display blockage of follicular development but intact primordial recruitment [2] . Inactivating mutations in FSHR gene have been linked to the loss of ovarian function in women where these mutations result in impairment of the receptor function [4, 5] .
In the present study, 5′UTR and coding region of FSHR gene were screened systematically in total 86 subjects with primary and secondary amenorrhea, presenting hypergonadotropic hypogonadism with normal karyotype and 100 normally cycling proven fertile women served as controls. To the best of our knowledge, ours is one of the few studies [3, 13, 16, 29] comprising the whole coding region of FSHR gene.
The first FSHR gene mutation identified was C 566 T, in women with ovarian dysgenesis from Finnish population. Other reports from American, German, Brazilian, Mexican and Argentine population [11, 12, 15, 16, 30] showed absence of this FSHR gene mutation in the subjects studied. However, Jiang et al., in 1998 [31] , identified only one mutation (C 566 T) carrier in large scale screening of 1,162 subjects from Switzerland. Thus our results further strengthen the observation that C 566 T mutation is restricted to Finland and may represent founder effect of this country. The other inactivating mutations reported so far (T 479 C, C 1717 T, A 671 T, C 1801 G, C 1043 G, G 1255 A, A 1556 C and T 662 G) are single case reports [4] [5] [6] [7] [8] [9] . However, none of the subjects enrolled in present study, harbored any of the reported mutations of FSHR gene.
In the present study, results of RFLP, SSCP and direct DNA sequencing of 5′UTR and exon 1-10 revealed three previously reported polymorphisms, G −29 A, A 919 G and A 2039 G [1] . We evaluated the frequency distribution of these polymorphic variants in all the subjects recruited. The prevalence of AA genotypes at −29 position was observed to be significantly higher in both the amenorrhic groups as compared to control group (Table 1) . It has been reported that the frequency distribution of the polymorphism at −29 position was strikingly different in Indonesian and German women; suggesting putative ethnic variability in the incidence of the polymorphisms [26] . The allelic frequency of 'A' allele at the same position was reported to be significantly higher in essential hypertension subjects than in control subjects [32] . We have earlier reported that the frequency distribution of the genotype AA at −29 position was significantly higher in women undergoing ART programme as compared to the control subjects [24] .
In the present study, it was observed that the prevalence of genotypes at 919 and 2039 did not differ significantly between study groups (Table 1) . Our results are in accordance with the earlier study, where no association of genotypes with gynaecological diseases was observed when the frequency distribution of the genotypes at position 2039 was compared in hypothalamic primary amenorrhea, secondary amenorrhea and POF subjects [18] . Another study has failed to observe differences in the prevalence of FSHR genotype in fertile and infertile women [13] . However, in yet another study, it was reported that FSHR variant Ala/Ala 307 and Ser/Ser 680 were significantly more prevalent among anovulatory women [33] .
In accordance with earlier studies [11, 13, 17] , two polymorphic variants at 307 and 680 amino acid position were found to occur in linkage disequilibrium in the present study. Frequency distribution of the haplotypes revealed that prevalence of TT-NS, TT-SS, TA-SS, AA-NN and AA-NS was significantly different between controls and primary amenorrhea subjects. However, frequency distribution of TT-NS and TA-SS differed significantly between controls and secondary amenorrhea subjects ( Table 5 ). The haplotype TT-SS was absent in control subjects and showed its presence in two subjects with primary amenorrhea. The odds ratio for haplotypes TT-NS, TT-SS, TA-SS, AA-NN and AA-NS was >1.0 (Table 5) indicating that the subjects with these haplotypes have more tendency to develop amenorrhea.
It has been reported earlier that certain polymorphisms in the FSHR gene are associated with altered responsiveness to FSH in women undergoing ART programme. It has been shown that Ser 680 substitution is associated with hypo- response of the ovary to exogenous FSH [17, 18, 20, 22] . However, a few studies have refuted this view [22, 33] . We have recently reported that alteration at 919 position (Thr 307 Ala) of FSHR gene, is associated with hyper ovarian response [23] .
It has been reported earlier that certain polymorphisms in the FSHR gene are associated with altered responsiveness to FSH in women undergoing ART programme. It has been shown that Ser 680 substitution is associated with hyporesponse of the ovary to exogenous FSH [17, 18, 20, 22] . However, a few studies have refuted this view [22, 33] . We have recently reported that alteration at 919 position (Thr 307 Ala) of FSHR gene, is associated with hyper ovarian response [23] . We have also reported that the women (undergoing ART programme) with AA genotype at −29 position of FSHR gene are associated with hypo-response to exogenous FSH [24] . These observations prompted us to investigate if any of the polymorphisms (at position −29, 919 and 2039) are associated with the loss of ovarian function resulting in amenorrhea.
In the present study, we have observed that the prevalence of the polymorphisms at −29 position differed significantly in subjects with amenorrhea and controls. The frequency distribution of primary and secondary amenorrhea subjects AA genotype at −29 position was 14.59% and 15.78% respectively. In control subjects the frequency distribution of AA genotype was only 1% (Table 4) . Interestingly, the serum FSH levels were significantly higher in primary amenorrhea women with AA genotype as compared to GG and GA genotypes at −29 position, indicative of end organ insensitivity (Table 6 ). It has also been reported that homozygous A at −29 position of FSHR gene has reduced transcriptional activity [33] . Due to this reason, we hypothesized that in AA genotype the receptor expression may be affected. It is also possible that due to lack of functional FSHR, the negative feedback exhibited by the estradiol on the hypothalamo-pituitary gonadal axis is lost. This could be one of the reasons for increased serum FSH levels in subjects with AA genotypes at −29 position.
To identify novel polymorphisms and mutations in FSHR gene, the 5′UTR and the entire coding region was screened by SSCP in all recruited subjects. It has been proposed earlier that SSCP technique allows identification of a nucleotide change (polymorphism/mutation) with high sensitivity (close to 100%) under two different electrophoresis conditions [34] . In the present study we have used two different conditions for electrophoresis to ensure detection of almost all the changes that would be present. Although, our results indicate absence of alterations in exon 2-9, exon 10 (primer set B-D and F) of FSHR gene; failure to detect changes due to limitations in the technique sensitivity can not be ruled out. Indeed, several other studies on genetic analysis of the subjects with ovarian disorders, have failed to identify any mutations in the subjects studied [12-16, 29, 30, 35] . Similarly, our results suggest that the mutations in FSHR gene are rare events and may not be a cause of loss of ovarian function in subjects with amenorrhea.
In the present study, we identified a novel C 1723 T transition in the FSHR gene by SSCP followed by direct DNA sequencing. To detect this novel nucleotide change in all the subjects enrolled for present study, a RFLP was designed. RFLP analysis revealed that this novel C 1723 T transition is present only in one subject with primary amenorrhea. All the samples including controls (n=100) were further subjected to DNA sequencing to confirm the results of RFLP analysis. We believe that the C 1723 T transition is a mutation because it was detected in only one case out of the total 236 subjects recruited; controls (n =100), subjects with amenorrhea (n=86) and subjects undergoing Assisted Reproductive Technology programme, having normal cyclicity (n=50; unpublished data), by RFLP analysis and DNA sequencing. This novel mutation has not been reported earlier in any of the studies so far [3, 11, 14, 16, 36] .
The C 1723 T transition results in Ala 575 Val amino acid change, in the sixth helix of transmembrane domain (TMD) of FSHR. It is also of interest to note that the Ala at position 575 is conserved across species in FSHR gene and also amongst other glycoprotein hormone receptors and may have an important role in receptor function. This variation at 575 amino acid position is potentially a mutation and hence adds up to the spectrum of mutations reported earlier in the FSHR gene. Several mutations in the TMD of FSHR have been reported suggesting the importance of the domain in normal receptor function [37] . Two inactivating mutations reported in the first and the second helix (Pro 348 Arg and Ala 419 Thr respectively) affect hormone binding and signal transduction [5, 6] . In the present study, the mutation identified (Ala 575 Val) resides in the sixth helix of the TMD. To the best of our knowledge this is the third impending inactivating mutation identified in transmembrane helices and the first of its kind in sixth helix.
Most of the FSHR mutations reported in the literature have been studied in depth, with an aim to understand their functional significance. In case of the first mutation (Ala 189 Val) reported from Finnish population, Ala 189 is the amino acid in perfectly conserved stretch of five amino acids (Ala 189 Phe Asn Gly Thr) in glycoprotein hormone receptor is substituted with Val. The presence of Val at 189 position in FSHR has been reported to interfere with the efficiency of glycosylation resulting in impaired receptor trafficking and folding [38] . In vitro studies showed that the mutated receptor had normal binding affinity and severely reduced plasma membrane expression and signal transduction [11] . In vitro studies for the two mutations, Ile 160 Thr (T 479 C) and Asp 224 Val (A 671 T) showed that these mutations almost completely impair FSH binding and marginal response to FSH stimulation [4] . Studies with the other two mutations, Arg 573 Cys (C 1717 T) and Leu 601 Val (C 1801 G) showed normal hormone binding and decreased signal transduction [9] . The functional significance of the novel mutation identified in the present study (C 1723 T) is being investigated.
In summary, the results of the present study demonstrate the significantly higher frequency distribution of AA genotype at −29 position of FSHR gene in primary and secondary amenorrhea subjects as compared to controls. The prevalence of haplotypes (polymorphism at 307 and 680 amino acid position) TT-NS, TT-SS, TA-SS, AA-NN and AA-NS was significantly higher in amenorrhea subjects. The odds ratio>1.0 for these above mentioned haplotypes indicated increased probability of developing amenorrhea. The primary amenorrhea subjects with AA genotype at −29 position of FSHR gene showed significantly higher serum FSH levels. Only one single homozygous mutation has been identified in a woman with primary amenorrhea in the present study. These findings indicate that the mutations of FSHR gene are rare in Indian women with primary and secondary amenorrhea and hence may not contribute as a causative factor for these conditions in most cases.
Conclusions
Our findings suggest that increased serum FSH levels in subjects with primary amenorrhea correlated to FSHR genotype at position −29. Screening of subjects recruited in the present study indicated that no known FSHR gene mutations are present in these subjects. Interestingly, we have identified a novel homozygous mutation C 1723 T (Ala 575 Val) in a woman with primary amenorrhea.
